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This is a review of the experimental and phenomenological knowledge of the spin
dependent structure function g1 at low values of x and Q2.

1. Introduction

The region of low values of the Bjorken scaling variable x corresponds to

high parton densities, where new dynamical mechanisms may be revealed

and where the knowledge of the spin dependent nucleon structure function

g1(x, Q2) is required to evaluate the spin sum rules necessary to understand

the origin of the nucleon spin. The behaviour of g1 at x <
∼ 0.001 and in

the scaling region, Q2 >
∼ 1 GeV2, is unknown due to the lack of colliders

with polarised beams. Information about spin-averaged structure function

F2(x, Q2) in that region comes almost entirely from the experiments at

HERA: F2 rises with decreasing x, in agreement with QCD and the rise is

weaker with decreasing Q2, 1. However even if such an inclusive quantity as

F2 can be described by the conventional DGLAP resummation, certain non-

inclusive observables seem to be better described by the BFKL approach 2.

Thus non-inclusive reactions are crucial to understand the dynamics of high

parton densities. Unfortunately in the case of spin, the longitudinal struc-

ture function, g1(x, Q2), is presently the only observable which permits the

study of low x spin dependent processes. Since it is being obtained exclu-

sively from fixed-target experiments where low values of x are correlated

with low values of Q2, not only the measurements put very high demands

on event triggering and reconstruction but also theoretical interpretations

of the results require a suitable extrapolation of parton ideas to the low

Q2 region and inclusion of dynamical mechanisms, like the Vector Meson
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Dominance (VMD), as it is the case for the low Q2 spin-averaged electro-

production 3. In the Q2=0 limit g1 should be a finite function of W 2, free

from any kinematical singularities or zeros. For large Q2 the VMD contri-

bution to g1 vanishes as 1/Q4 and can usually be neglected. The partonic

contribution to g1 which controls the structure functions in the deep inelas-

tic domain and which scales there modulo logarithmic corrections, has to

be suitably extended to the low Q2 region.

2. Results of measurements

Experimental knowledge of the longitudinal spin dependent structure func-

tion g1(x, Q2) comes entirely from the fixed-target setups: EMC, SMC

and COMPASS at CERN, experiments at SLAC (E142, E143, E154, E155,

E155X) and the HERMES experiment at the HERA ep collider.

In the past the lowest values of x were reached by the SMC due to

a high energy of the muon beam and due to the demand of a final state

hadron, imposed either in the off-line analysis 4 or in the dedicated low

x trigger with a hadron signal in the calorimeter 5. These requirements

permitted measurements of muon scattering angles as low as 1 mrad and

efficiently removed the dominant background of muons scattered elastically

from target atomic electrons at x =0.000545, cf. 5. Much lower values of x

are presently being obtained by COMPASS 6.

Spin effects are weak, thus they are determined by measuring the cross

section asymmetries in which spin-independent contributions cancel. Direct

result of all measurements is the longitudinal cross section asymmetry, A‖

which permits to extract the virtual photon – proton asymmetry, A1 and

finally, using F2 and R, to get g1.

The proton and deuteron g1 was measured for 0.00006 < x < 0.8, cf.

Fig. 1 7. Direct measurements on the neutron are limited to x >
∼ 0.02.

No significant spin effects were observed at the lowest values of x, explored

only by the SMC. Scaling violation in g1(x, Q2) is weak: the average Q2

is about 10 GeV2 for the SMC and almost an order of magnitude less for

the SLAC and HERMES experiments. For the SMC data 5, 〈x〉 = 0.0001

corresponds to 〈Q2〉 = 0.02 GeV2; Q2 becomes larger than 1 GeV2 at x >
∼

0.003 (at x >
∼ 0.03 for HERMES). At lowest x results on g1 have very large

errors but it seems that both gp
1 and gd

1 are positive there. Statistical errors

dominate in that kinematic interval.
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Figure 1. Compilation of data on xg1(x, Q2). All the data are given at their quoted
mean Q2 values. Errors are total. Figure taken from 7.

3. Regge model predictions

The low x behaviour of g1 for fixed Q2 reflects the high energy behaviour

of the virtual Compton scattering cross section with centre-of-mass energy

squared, s ≡ W 2 = M2 + Q2(1/x − 1); here M is the nucleon mass. This

is the Regge limit of the (deep) inelastic scattering where the Regge pole

exchange model should be applicable. It gives the following parametrisation

of the (singlet and nonsinglet) spin dependent structure function at x → 0

(i.e. Q2 � W 2):

gi
1(x, Q2) ∼ β(Q2)x−αi(0) (1)

where i = s, ns: gs
1(x, Q2) = gp

1(x, Q2) + gn
1 (x, Q2) and gns

1 (x, Q2) =

gp
1(x, Q2)− gn

1 (x, Q2) respectively. The intercepts, αi(0), correspond to the

axial vector mesons with I=0 (gs
1; f1 trajectory) and I=1 (gns

1 ; a1 trajec-

tory). It is expected that αs,ns(0) <
∼ 0 and that αs(0) ≈ αns(0), 8. A Regge

type approach has been used in a global analysis of the gp
1 and gn

1 data in

the range 0.3 GeV2 < Q2 < 70 GeV2 and 4 GeV2 < W 2 < 300 GeV2, 9; fits

gave a smooth extrapolation of g1 down to the photoproduction limit. At

large Q2 the Regge behaviour of g1(x, Q2) is unstable against the DGLAP

evolution and against resummation of the ln2(1/x) terms which generate

more singular x dependence than that implied by Eq.(1) for αs,ns(0) <
∼ 0,

cf. Section 4.
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Other considerations based on the Regge model give further isosinglet

contributions to the g1: a term proportional to lnx, 10 and a term pro-

portional to 2ln(1/x)–1, 11; a perversely behaving term proportional to

1/(xln2x), recalled in 10, is not valid for g1,
12.

Testing the Regge behaviour of g1 through its x dependence should in

principle be possible with the low x data of the SMC 5 which include the

kinematic region where W 2 is high, W 2 >
∼ 100 GeV2, and W 2 � Q2. Thus

the Regge model should be applicable there. However for those data W 2

changes very little: from about 100 GeV2 at x = 0.1 to about 220 GeV2

at x = 0.0001, contrary to a strong change of Q2: from about 20 GeV2

to about 0.01 GeV2 respectively. Thus those data cannot test the Regge

behaviour of g1.
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Figure 2. Three scenarios of the possible behaviour of g
p
1

at low x 14.

Employing the Regge model prediction, g1 ∼ x0 to obtain the x → 0

extrapolation of g1, often used in the past to extract the g1 moments (cf.13

and Fig.2) is not correct. The values of g1 should be evolved to a common

value of Q2 before the extrapolation, cf. Eq.(1). Therefore other ways of

extrapolating g1 to low x were adopted in the analyses, see Sections 4.1

and 4.3.

4. Low x implications from perturbative QCD

4.1. DGLAP fits to the g1 measurements

In standard QCD, the asymptotic, small x behaviour of g1 is created by

the “ladder” processes, see Fig. 1 in 15. This behaviour is more singular
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than that implied by Eq.(1) for αs,ns(0) <
∼ 0: Regge behaviour of g1(x, Q2)

is unstable against the QCD evolution.

Several analyses of the Q2 dependence of g1 have been performed
13,16,17,18,19,20,21 on the world data in the framework of the NLO QCD but

the present data do not permit to determine the shapes of parton distribu-

tions with sufficient accuracy, especially at small x. Thus extrapolations of

the DGLAP fits to the unmeasured low x region give different g1 behaviours

in different analyses, e.g. gp
1 at x <

∼ 0.001 is positive and increasing with

decreasing x in 20 and negative and decreasing in 13,17. The results for x

values below these of the data do not influence the results of the fit. There-

fore there is no reason to expect that the partons at very low x behave

as those in the measured (larger x) region. Nevertheless extrapolations of

the QCD fit are being used to get the x → 0 extrapolation of g1
13, neces-

sary to evaluate its first moments. They strongly disagree with the Regge

asymptotic form, cf. Fig. 2.

4.2. Double logarithmic ln2(1/x) corrections to g1(x, Q2)

The LO (and NLO) QCD evolution which sums the powers of ln(Q2/Q2
0)

is incomplete at low x. Powers of another large logarithm, ln(1/x), have to

be summed up there. In the spin-independent case this is accomplished by

the BFKL evolution equation (see e.g. 22) which gives the leading low x

behaviour of the structure function, e.g. F s
1 ∼ x−λBF KL where λBFKL >1.

It has recently been pointed out that the small x behaviour of both

singlet and non-singlet spin dependent structure function g1(x, Q2) is con-

trolled by the double logarithmic terms, i.e. by those terms of the pertur-

bative expansion which correspond to powers of αsln
2(1/x) at each order of

the expansion 23. The Regge behaviour of g1 is unstable against the resum-

mation of the ln2(1/x) terms which generate more singular x dependence

than that implied by Eq.(1) for αs,ns
<
∼ 0, i.e. they generate the leading

small x behaviour of the g1.

The double logarithmic terms in the non-singlet part of g1(x, Q2) are

generated by ladder diagrams 26 as in Fig. 1 in 15. Contributions of non-

ladder diagrams 23 to gns
1 are numerically small for Nc=3 but are non-

negligible in the case of gs
1; they are obtained from the ladder ones by

adding to them soft bremsstrahlung gluons or soft quarks 27. At low x, the

singlet part, gs
1, dominates over gns

1 .

The double logarithmic ln2(1/x) effects go beyond the standard LO (and

NLO) QCD evolution of spin dependent parton densities. One of the ways
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to accommodate them into the QCD evolution formalism is based on uninte-

grated spin dependent parton distributions, fj(x
′, k2) (j = uv, dv , ū, d̄, s̄, g)

where k2 is the transverse momentum squared of the parton j and x′ the

longitudinal momentum fraction of the parent nucleon carried by a parton
15,27,28. This formalism is very suitable for extrapolating g1 to the region

of low Q2 (including Q2 = 0) at fixed W 2, 15.

The conventional (integrated) distributions ∆pj(x, Q2) (i.e. ∆qu =

∆puv
+ ∆pū, ∆q̄u = ∆pū etc. for quarks, antiquarks and gluons) are

related in the following way to the unintegrated distributions fj(x
′, k2):

∆pj(x, Q2) = ∆p0
j (x) +

∫ W 2

k2

0

dk2

k2
fj(x

′ = x(1 +
k2

Q2
), k2) (2)

Here ∆p0
j (x) denote the nonperturbative parts of the of the distributions,

corresponding to k2 < k2
0 and the parameter k2

0 is the infrared cut-off

(k2
0 ∼1 GeV2). In 15,28,27 they were treated semiphenomenologically and

were parametrised as follows:

∆p0
j (x) = Cj(1 − x)ηj (3)

The unintegrated distributions fj(x
′, k2) are the solutions of the integral

equations 15,28,27 which embody both the LO Altarelli-Parisi evolution and

the double ln2(1/x′) resummation at small x′. These equations combined

with Eq.(2) and with a standard relation of g1 to the polarised quark and

antiquark distributions lead to approximate x−λ behaviour of the g1 in the

x → 0 limit, with λ ∼ 0.4 and λ ∼ 0.8 for the nonsinglet and singlet parts

respectively which is more singular at low x than that generated by the

(nonperturbative) Regge pole exchanges.

Results of a complete, unified formalism incorporating the LO Altarelli–

Parisi evolution and the ln2(1/x) resummation at low x for gp
1 show that

resummation of ln2(1/x) terms gives a steeper g1 behaviour than that gen-

erated by the LO evolution alone and this effect is visible in gns
1 already for

x <
∼ 10−2 (at large Q2) 15. The double ln2(1/x) effects are not important

in the W 2 range of the fixed target experiments.

The formalism including the ln2(1/x) resummation and the LO

Altarelli-Parisi evolution, 27, was used to calculate g1 at x and Q2 val-

ues of the SMC measurement and a reasonable description of the data on

gp,d
1 (x, Q2) extending down to x ∼0.0001 at Q2 ∼0.02 GeV2 was obtained,

cf. Fig.1 in 29. Of course the (extrapolated) partonic contribution may not

be the only one at low Q2; the VMD part may play a non-negligible role

as well, cf. Section 5.
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4.3. Low x contributions to g1 moments

The spin sum rules involve first moments of g1, i.e. integrations of g1

over the whole range of x values, from 0 to 1, including the experimen-

tally unmeasured regions, [0,xmin) and (xmax,1]. The latter is not critical

but contribution from the former may significantly influence the moments.

The value of xmin depends on the value of the maximal lepton energy loss,

νmax, accessed in an experiment at a given Q2
0. For the CERN experiments,

with muon beam energies about 200 GeV and at Q2
0=1 GeV2 it is about

180 GeV which corresponds to xmin ≈ 0.003. Contribution to the g1 mo-

ments from the unmeasured region, 0≤ x < 0.003, has thus to be estimated

phenomenologically.

Unified system of equations including the double ln2(1/x) resummation

effects and the complete LO Altarelli-Parisi evolution, 27, was used to ex-

trapolate the spin dependent parton distributions and the polarised nucleon

structure functions down to very low values of x 30.

Results show that at Q2=10 GeV2, a contribution of 0.0080 from the

unmeasured region, 0≤ x < 0.003, to the Bjorken integral was obtained

while the contribution resulting from the pure LO Altarelli-Parisi evolution

was 0.0057. These have to be compared with 0.004 obtained when g1=const,

consistent with Regge prediction was assumed and fitted to the lowest x

data for proton and deuteron targets (see 15 and references therein).

Extrapolation to the unmeasured region (0≤ x < 0.003) of the NLO

DGLAP fits to the world data results in about 10% contribution of that

low x region to the gp
1 moment 13. The NLO DGLAP fit to the SMC data

gave a contribution of 0.010 to the Bjorken integral at Q2=10 GeV2, i.e.

about 6% of that integral 13. These numbers rely on the validity of the

assumption that the parton distributions behave as xδ as x →0.

5. Nonperturbative effects in g1

Data on polarized nucleon structure function g1(x, Q2) extend to the region

of low values of x, which are reached simultaneously with low values of

Q2, 4,5,7. This latter region is of particular interest since nonperturbative

mechanisms dominate the particle dynamics there and a transition from

soft- to hard physics may be studied. The partonic contribution to g1

which controls the structure function in the deep inelastic domain has thus

to be suitably extended to the low Q2 region and complemented by a non-

perturbative component.
Two attempts using (G)VMD methods have recently been made to de-
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scribe g1 in the low x, low Q2 region. In the first one 29 the following
representation of g1 was assumed:

g1(x, Q2) = gV MD
1 (x, Q2) + g

part
1

(x,Q2) =
Mν

4π

X

V =ρ,ω,φ

M4

V ∆σV (W 2)

γ2

V
(Q2 + M2

V
)2

+ g
part
1

(x,Q2)

(4)

where γ2
V are determined from the leptonic widths of vector mesons V .

The unknown cross sections ∆σV (W 2) are combinations of the total cross

sections for the scattering of polarised vector mesons and nucleons. It

was assumed that they are proportional (with a proportionality coefficient

C) to the appropriate combinations of the nonperturbative contributions

∆p0
j (x) to the polarised quark and antiquark distributions. As a result the

cross sections ∆σV behave as 1/W 2 at large W 2 which corresponds to zero

intercepts of the appropriate Regge trajectories. The partonic contribution,

gpart
1 was parametrised as discussed in Section 4.2. The statistical accuracy

of the SMC data is too poor to constrain the value of the coefficient C but

the SLAC E143 data 31 seem to prefer a small negative value of C in gp
1 .

In the other attempt 32 the GVMD model was used together with the

Drell-Hearn-Gerasimov-Hosoda-Yamamoto (DHGHY) sum rule 33 to con-

strain the coefficient C. The partonic contribution, gpart
1 , was treated as

an extrapolation of the QCD improved parton model structure function,

g1(x, Q2), to arbitrary values of Q2. The value of C was then fixed in

the photoproduction limit where the first moment of g1 is related to the

anomalous magnetic moment of the nucleon via the DHGHY sum rule, cf.
34,35,

I(0) = Ires(0) + M

∫ ∞

νt(0)

dν

ν2
g1

(

x(ν), Q2
)

= −κ2
p(n)/4. (5)

where the DHGHY moment, I(Q2), before taking the Q2=0 limit has been

split into two parts, one corresponding to W < Wt ∼ 2 GeV (baryonic

resonances) and the other to W > Wt. Here νt(Q
2) = (W 2

t +Q2−M2)/2M .

Substituting g1 (x(ν), 0) in Eq. (5) by Eq. (4) at Q2 = 0 the value of C

may be obtained from (5) if Ires(0), is known e.g. from measurements (see

e.g. 36). As a result the constant C was found to be –0.24 or –0.30, for two

different ways of parametrizing the polarised parton distributions.

The nonperturbative, Vector Meson Dominance contribution was ob-

tained negative in both attempts 29,32 as well as from earlier phenomeno-

logical analyses of the sum rules 35,37.
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6. Outlook

The longitudinal spin dependent structure function, g1(x, Q2), is presently

the only observable which permits an insight into the spin dependent low

x physics. Contrary to spin-independent structure functions, it is sensitive

to double logarithmic, ln2(1/x) corrections, generating its leading small x

behaviour. However its knowledge is limited by the statistical accuracy

and by the kinematics of the fixed-target experiments. In the latter, the

low values of x are reached simultaneously with low values of the four

momentum transfer, Q2. While the low Q2 domain may be of great interest

due to a transition from soft to hard physics, it also challenges theoretical

predictions based on partonic ideas which have to be suitably extended to

the nonperturbative region.

Until now, experimental data on g1(x, Q2) at low x came mainly from

the SMC at CERN. They do not permit to constrain the low x parton

distributions, nor to test the Regge model but they seem to leave room for

contributions other than (low Q2 extrapolated) partonic mechanisms. They

also permitted first quantitative studies of nonperturbative mechanisms;

results consistently point towards large and negative contribution of the

latter.

New low x data on g1(x, Q2) will soon be available from COMPASS.

Their statistics will be by far larger so that statistical errors should no

longer be dominating. A crucial extension of the kinematic domain of the

(deep) inelastic spin electroproduction will take place with the advent of

the polarised Electron-Ion Collider, EIC, at BNL 38,39. With its centre-of-

mass energy only about 2 times lower than that at HERA, this machine

will open a field of perturbative low x spin physics where also other, semi-

inclusive and exclusive observables, will be accessible for testing the high

parton density mechanisms.
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